Background {#Sec1}
==========

Obesity is a consequence of excess fat accumulation and is a harmful health condition. The World Health Organization standard for being overweight is a body mass index (BMI) above 25 kg/m^2^, and the state of being obese is classified as exceeding a 30 kg/m^2^ BMI. Since 1975, the global population with obesity has almost tripled, with 39% of the adult population diagnosed as overweight and 13% as being obese in 2016 \[[@CR1]\]. Intake of high-calorie diets and decrease in physical activities has facilitated the rise in obesity prevalence \[[@CR2]\]. Obesity is not only a severe condition in itself, but is also associated with a metabolic syndrome that progresses chronically, which can lead to diabetes, hypertension, and hyperlipidemia \[[@CR3]\]. These metabolic syndrome risk factors can potentially lead to cardiovascular disorders, muscular skeletal disease, and cancer \[[@CR4], [@CR5]\].

Current treatments for obesity include changes to the diet, psychotherapy for people with eating disorders, and various pharmaceutical interventions. In patients with a BMI higher than 30 kg/m^2^ or with complications, surgical intervention may also be indicated. Commonly used anti-obesity medications include appetite suppressants such as phentermine or diethylpropion, anti-conversant agents such as zonisamide or topiramate, and absorption inhibitors such as orlistat \[[@CR6]\]. These drug treatments may carry numerous side effects such as depression, anxiety, headache, dizziness, nausea, and fatigue \[[@CR7]\] .

Yangkyuksanwha-tang (YST) is an herbal medicine based on the theory of Sasang constitutional medicine (SCM) and is widely used by Korean oriental medicine practitioners. Sasang constitutional medicine was first postulated in 1894, in the book titled *Donguisusebowon* (東醫壽世保元, Longevity and Life Preservation in Oriental Medicine) \[[@CR8]\]. Yangkyuksanwha-tang is widely used in Korean oriental medicine for the treatment of diabetes and obesity. Its effect in reducing blood glucose levels has been demonstrated in experiments with mice \[[@CR9]\].

Diabetes is closely related to obesity, as both are associated with insulin resistance and have common complications such as hypertension, hyperlipidemia, and abdominal fat accumulation \[[@CR10]\]. Therefore, we hypothesized that YST would also be effective in treating obesity and we sought to verify this through an animal experiment.

YST is composed of eight kinds of herbal plants and one mineral (Table [1](#Tab1){ref-type="table"}). Among the nine constituents of YST, six herbs are known to have lipase inhibitory effects. According to Kim's research, *Saposhnikovia divaricata* Schischkin, *Schizonepeta tenuifolia* Briquet, *Anemarrhena asphodeloides* Bunge, and *Mentha arvensis* L. var. *piperascens* Malinvaud ex Holmes decreased lipase activity by 91.5, 85.7, 76.0, and 74.8% respectively \[[@CR11]\]. *Rehmannia glutinosa* (Gaertner) and *Lonicera japonica* Thunberg are also suggested to be anti-lipase agents in Roh and Jung's research \[[@CR12]\]. Table 1Composition of Yangkyuksanwha-tangNameScientific nameAmount (g)生地黃*Rehmannia glutinosa* (Gaertner)8忍冬藤*Lonicera japonica* Thunberg8連翹*Forsythia viridissima* Lindley8梔子*Gardenia jasminoides* Ellis4薄荷*Mentha arvensis* L. var. *piperascens* Malinvaud ex Holmes4知母*Anemarrhena asphodeloides* Bunge4石膏Gypsum (mineral)4防風*Saposhnikovia divaricata* Schischkin4荊芥*Schizonepeta tenuifolia* Briquet4Total48

In addition, previous in vivo experiments show anti-obesity-related effects of the constituents of YST. *Rehmannia glutinosa* (Gaertner) increases the blood levels of high density lipoprotein-cholesterol and insulin in mice \[[@CR13]\], and gypsum was reported to decrease the rate of passage of ruminal contents through the gastrointestinal tract via the mechanism of anion-cation imbalance in an in vitro model \[[@CR14]\]. Crocetin and crocin, isolated from *Gardenia jasminoides* extract, exert anti-hyperlipidemic effects by inhibiting increases in serum triglycerides and total and low-density lipoprotein (LDL)-cholesterol levels \[[@CR15]\]. *Gardenia jasminoides* is also known to have cytoprotective and hepatoprotective activities \[[@CR16]\].

Despite its clinical performance in treating obesity and metabolic syndrome, there is still a lack of scientific evidence for the efficacy of YST. Therefore, we aimed to clarify the effectiveness of SCM and YST in treating overweight and obesity in order to develop novel and complementary treatment approaches. In order to test the anti-obesity effect of YST, we used an obesity-induced mouse model and measured body weight, food efficiencies, organ and fat weight, serum biochemistry, obesity-related gene expression, lipid accumulation in the liver, and adipocyte size in the epididymal adipose tissues. The obtained results were compared with those obtained from mice treated with *Garcinia cambogia* extract, which contains hydroxycitric acid (HCA) \[[@CR17]\]. The fruit of *Garcinia cambogia* is a popular natural weight loss supplement with no toxic effects \[[@CR18]\].

Methods {#Sec2}
=======

Medicinal plants and mineral {#Sec3}
----------------------------

The composition of YST is shown in Table [1](#Tab1){ref-type="table"}. The herbal plants were supplied by Hamsoa Pharmaceutical Co. (Seoul, Republic of Korea). Sensory tests were performed on the samples according to 'The Korean Herbal Pharmacopoeia' by KGC Yebon Co. (Director: JaeMyung yoon). Only those that passed herbal Good Manufacturing Practice standards of the Korean Pharmacopoeia were selected and used for this experiment. Voucher specimens have been deposited in the herbarium of the K-Herb Research Center at the Korea Institute of Oriental Medicine. The samples were added to 1 L of distilled water and extracted for 2 h using a boiling pot DWT-1800 T (Daewoong, Korea). The extract was filtered using a 3-mm filter paper (Whatman, Maidstone, England), vacuum evaporated (Evaporator, Eyela, Japan), and freeze dried (Freezedryer, Matsushita, Japan). *Garcinia cambogia* (245 mg/kg; Ethical Naturals, CA. USA) was used as the positive control treatment as its effects are well known, and it is available as an anti-obesity agent.

The dose of YST was determined based on clinical use. In general, a 60 kg adult takes one or two packs of YST in boiled water for a total of 48 g of YST. Considering the conversion factor between mice and humans, a dosage of 300 mg/kg per day of refined YST was considered appropriate for mice \[[@CR9], [@CR19], [@CR20]\] .

Animals and diets {#Sec4}
-----------------

Male, 8-week-old C57bl/6 J mice were purchased from Daehan Biolink Co. (Eumsung, Korea) and maintained for 2 weeks on a commercial diet (AIN-76A diet, Ralston Purina, St. Louis, MO, USA), and water was available ad libitum prior to the experiment. The mice were housed under a 12/12 h dark cycle at 22 ± 2 °C temperature and 50 ± 5% humidity. The experiment was initiated when the mice reached 28--29 g body weight. The mice were then randomly divided into the following four groups of six animals each: normal diet group (C57bl/6 J-Nr), high-fat diet (HFD)-fed control group (HFD-CTL), HFD plus *Garcinia cambogia* extract 245 mg/kg positive control (HFD-GK) group, and HFD plus YST powder 300 mg/kg (HFD-YST) group. The sample size was calculated based on the anti-diabetic and anti-obesity effects of YST according to Lee et al. \[[@CR19]\] using G power 3.1. YST and GK were dissolved in a vehicle (0.5% carboxylmethylcellulose) and orally administered once daily for 6 weeks. The experiment was carried out for 6 weeks. The mice were fed a HFD (Rodent Diet D12492; Research Diets, New Brunswick, NJ, USA) consisting of 60% fat, 20% protein, and 20% carbohydrate as an energy resource to induce obesity. The normal diet group mice were fed a commercially available standard chow (Orient Bio Inc., Seongnam, Korea). *Garcinia cambogia* extract was used as the positive control. At the end of the experiment, the mice were fasted for 15 h, anesthetized with ether, 1 mL of blood was sampled directly from the heart of the mice, and then sacrificed. All animal experiments were conducted in accordance with the National Institute of Health guidelines and approved by the Committee on Animal Care of the Daejeon University (Permit No. DJUARB2012--014).

Measurement of body weight gain and food intake {#Sec5}
-----------------------------------------------

Body weight gain and food intake were measured using an electronic balance (CATX324, Yangju, Gyeonggi, Korea) at the same time of the day at weekly intervals during the 6-week experimental period. The food efficiency ratio (FER) was calculated as the total weight gain / total food intake × 100.

Serum assay for biochemical parameters {#Sec6}
--------------------------------------

Fresh whole blood (1 mL) was sampled directly from the heart of the mice into a BD vacutainer tube (CA, USA). Blood samples were centrifuged at 3000 rpm for 15 min at 4 °C, and the samples were stored at − 70 °C. All the serum parameters were measured using an automated biochemical analyzer (Hitachi-720; Hitachi Medical, Tokyo, Japan). The serum levels of leptin and adiponectin were assessed using mouse enzyme-linked immunosorbent assay (ELISA) kits (R & D Systems, Minneapolis, MN, USA), and insulin-like growth factor I (IGF-1) was determined using a similar ELISA kit (Diagnostic Systems Laboratories, Inc., Webster, TX, USA and Linco Research, St Charles, MO, USA).

Tissue weight and histological analysis {#Sec7}
---------------------------------------

After collecting the blood, subcutaneous, epididymal, kidney, and intestine adipose tissue and the liver, kidney, and spleen were removed and weighed. The tissues were fixed in 10% neutral formalin solution for 24 h and embedded in paraffin for histochemistry. Samples were cut to 6-μm thick sections and stained with hematoxylin and eosin (H & E) or Oil Red O. The size of adipocytes was measured using light microscopy (Olympus BX51; Olympus Optical Co., Tokyo, Japan) and Image-Pro Plus 5.0 software (Medua Cybernetics, Silver Spring, MD, USA).

Real-time reverse-transcription polymerase chain reaction {#Sec8}
---------------------------------------------------------

TRI Reagent (Sigma-Aldrich) was used to isolate total RNA from the liver and epididymal adipose tissue, and the First Strand cDNA Synthesis Kit (Amersham Pharmacia, Piscataway, NJ, USA) was used to reverse transcribe the total RNA into cDNA. Real-time reverse-transcription polymerase chain reaction (RT-PCR) was carried out using an Applied Biosystems 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA), with probes labeled with 6-carboxy-fluorescein. The PCRs were performed with TaqMan Universal PCR Master Mix containing DNA polymerase (Applied Biosystems). The PCR conditions were as follows: 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Relative target gene expression was determined by comparing the threshold cycle number at the cross-point between the amplification plot and threshold method with glyceraldehyde 3-phosphate dehydrogenase (GADPH) as the internal control. The expression levels of mRNA were normalized to those of *GAPDH*, and then calculated using the 2^-△△Ct^ method. The primer sequences were as follows: Ap2/FABP4 forward 5′-TGGGAACCTGGAAGCTTGTCTC-3′; Ap2/FABP4 reverse 5′-GAATTCCACGCCCAGTTTGA-3′; C/EBPβ forward 5′-AAGCTGAGCGACGAGTACAAGA-3′; C/EBPβ reverse 5′-GTCAGCTCCAGCACCTTGTG-3′; UCP2 forward 5′-AGTCCCTGCCCTTTGTACACA-3′; UCP2 reverse 5′-GATCCGAGGGCCTCACTAAAC-3′; adiponectin forward 5′-GTCTCAGCTGTCGGTCTTCCCCT-3′; adiponectin reverse 5′-CCCTGGCTTTATGCTCTTTGC-3′; leptin forward 5′-CCAAAACCCTCATCAAGACC-3′; leptin reverse 5′-GTCCAACTGTTGAAGAATGTCCC-3′; SREBP1c forward 5′-AGCCTGGCCATCTGTGAGAA-3′; and SREBP1c reverse 5′-CAGACTGGTACGGGCCACAA-3′.

Statistical analysis {#Sec9}
--------------------

Data are expressed as mean ± standard error of the mean (SEM). Differences among treatment groups were analyzed by one-way ANOVA and Dunnett's multiple comparison tests using Prism 7.0 software (GraphPad Software Inc., San Diego, CA). The results with *p*-value ≤0.05 were considered statistically significant.

Results {#Sec10}
=======

Changes in body weight, food intake, and FER {#Sec11}
--------------------------------------------

We measured absolute body weight as it is a key goal in treating obesity \[[@CR21]\]. Food intake was also measured to see changes in appetite, and food efficiency ratio to see changes in metabolism according to intake. Body weight increased by 17.5, 90, 64.4, and 56.38% in the mice that were fed the normal, HFD-CTL, HFD-GK, and HFD-YST diets over the course of the experiment, respectively (Fig. [1](#Fig1){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}). The mean body weight at the end of the experiment in the HFD-CTL group was 44.1 ± 2.1 g, which was 64.5% higher than that in the normal group (26.8 ± 1.7 g). Weight gain in the HFD-YST group was 8.6 g less than that in the HFD-CTL group and greater than that in the HFD-GK group, which showed an average of 6.6 g reduction compared with that in the HFD-CTL group (Fig. [1](#Fig1){ref-type="fig"}a). The FER of HFD-fed mice was approximately five times higher than that in the normal controls, but was significantly decreased in the HFD-YST group. The diet efficiency rate was 11.73 ± 0.67%, which was significantly different (*p* \< 0.001) from that of the control group (HFD-CTL) at 15.97 ± 0.39% (Fig. [1](#Fig1){ref-type="fig"}b). These results suggest that YST can inhibit HFD-induced body weight gain. Fig. 1Effects of YST extract in high-fat diet (HFD)-fed mice after 6 weeks of YST administration. **a** Body weight, **b** food efficiency ratio, **c** fat weight, **d** organ weight. Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST. The results are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with C57bl/6 J-Nr, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-CTL Table 2Food intake, body weight gain, and food efficiency ratioGroupFood intake (g/day)Body weight gain (g/day)Food efficiency ratio (FER, %)C57bl/6-Nr2.710.082 ± 0.013.02 ± 0.33HFD-CTL2.670.427 ± 0.0115.97 ± 0.39 +++HFD-GK 245 mg/kg2.010.299 ± 0.0214.89 ± 0.94HFD-YST 300 mg/kg2.230.262 ± 0.0111.73 ± 0.67 \*\*\*Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST. The values are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with C57bl/6 J-Nr, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-CTL

Organ and fat weight {#Sec12}
--------------------

Organ and fat weight was measured to see the changes of weight of local parts of the body. The weight of abdominal subcutaneous, epididymal, kidney, and intestinal adipose tissues was increased in the HFD-CTL group, but not in the HFD-YST group (Fig. [1](#Fig1){ref-type="fig"}c). The HFD-YST group showed 42.7% lower liver weight, 27.2% lower kidney weight, and 11% lower spleen weight (Fig. [1](#Fig1){ref-type="fig"}d) than those of the HFD-CTL group.

Assessment of liver and kidney function {#Sec13}
---------------------------------------

To evaluate the potential toxicity of YST, the serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were used as indicators of liver function, and the serum creatinine level was assessed for kidney function. The AST levels of the normal, HFD-CTL, HFD-GK, HFD-YST groups were 80.8, 98.8, 108.8, and 106.8 mg/dL, and the ALT levels were 42.67, 80.5, 38.33, 24.0 mg/dL respectively. Compared with those of the HFD-CTL group, the HFD-YST group did not show a significant increase in the AST level, but showed 70% significant decrease in the ALT level (Fig. [2](#Fig2){ref-type="fig"}b). The creatinine levels of the normal, HFD-CTL, HFD-GK, HFD-YST groups were 0.23, 0.28, 0.30, 0.28 mg/dL respectively. The creatinine level in both the HFD-CTL and HFD-YST groups was 0.28 mg/dL and did not show a significant difference (Fig. [2](#Fig2){ref-type="fig"}a). The results indicate that YST induces no detectable adverse toxic effects in mice at a dosage of 300 mg/kg for 6 weeks. Fig. 2Effects of YST extract on the serum parameters in high-fat diet (HFD)-fed mice. **a** Creatinine, **b** aspartate transaminase (AST) and alanine transaminase (ALT). Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST. The results are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with C57bl/6 J-Nr, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-CTL

Serum lipid and glucose {#Sec14}
-----------------------

The triglycerides, total cholesterol, high-density lipoprotein (HDL)-cholesterol, LDL-cholesterol, and free fatty acid levels were analyzed to see the lipid levels in serum as a result of lipogenesis. We also analyzed glucose level as obesity is the major cause of peripheral insulin resistance and is closely related to the development of altered glucose metabolism. The effects of YST on the serum lipid and glucose levels are shown in Table [3](#Tab3){ref-type="table"}. Both the parameters showed significant results. The serum glucose level in the HFD-YST group was 163.7 mg/dL, which was significantly lower (22.9%) than that (210.5 mg/dL) in the control group (*p* \< 0.05). The free fatty acid level in the HFD-YST group was 2.8 mEq/L, lower than that (3.18 mEq/L) in the HFD-CTL group (*p* \< 0.001). The total cholesterol and triglyceride levels in the experimental group were 171.8 mg/dL and 76.5 mg/dL, which were significantly lower than those in the HFD-CTL group (*p* \< 0.001). The HDL-cholesterol level was 13.2% significantly elevated and the LDL-cholesterol level was 29.5% significantly lowered in the HFD-YST group compared with those in the HFD-CTL group (*p* \< 0.001). Table 3Serum lipid and glucose levelsGroupNormalHFD-CTLHFD-GK_245HFD-YSTGlucose111.3210.5 ++162.2 \*163.7 \*NEFA (Free fatty acid)2.03.23.12.8 \*\*\*Total cholesterol107.8213.8 +++194.8 \*\*\*171.8 \*\*\*Triglyceride109.7172.2 +++107.2 \*\*\*76.5 \*\*\*HDL-cholesterol45.279.5 +++81.590.0 \*\*\*LDL-cholesterol14.621.0 +++16.9 \*\*\*14.8 \*\*\*Normal: normal diet group; Control: HFD-negative control group; HFD-GK; HFD-positive control group (*Garcinia cambogia*), HFD-YST: HFD-Yangkyuksanwha-tang administered group (extracts, 300 mg/kg). The values are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with ND, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-control

Serum IGF-1, leptin, and adiponectin levels {#Sec15}
-------------------------------------------

We analyzed serum IGF-1, leptin, and adiponectin levels to see the relationship and its possible role in the development of obesity. The analysis of IGF-1 blood levels of the normal, HFD-CTL, HFD-GK, HFD-YST groups were 2317.45, 88,635.01, 72,483.78, and 63,580.87 pg/ml respectively. The HFD-YST group had 28.2% significantly lower IGF-1 level (*p* \< 0.01) than that of the HFD-CTL group (Fig. [3](#Fig3){ref-type="fig"}a). The leptin levels of the normal, HFD-CTL, HFD-GK, HFD-YST groups were 243.41, 40,328.21, 31,259.55, and 23,971.99 ng/ml respectively. The HFD-YST group had significantly decreased leptin levels (by 40.5%) compared with that in the HFD-CTL group (*p* \< 0.001) (Fig. [3](#Fig3){ref-type="fig"}b). The adiponectin levels of the normal, HFD-CTL, HFD-GK, HFD-YST groups were 188,571.24, 111,446.71, 117,557.64, and 202,456.53 pg/ml respectively. The HFD-YST group had significantly higher adiponectin levels (81.6%) than in the HFD-CTL group (*p* \< 0.001) (Fig. [3](#Fig3){ref-type="fig"}c). Fig. 3Effects of YST extract on the serum IGF-1, leptin, and adiponectin levels in high-fat diet (HFD)-fed mice, where (**a**) IGF-1, (**b**) leptin, and (**c**) adiponectin. Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST. The results are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with C57bl/6 J-Nr, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-CTL

Expression of lipid metabolism-related genes {#Sec16}
--------------------------------------------

We analyzed adipogenesis related gene expressions of *AP2/FABP4*, *C/EBP-β*, and *SREBP1c/ADD1*. *UCP-2* mRNA was assessed to see the change in energy consumption. Adiponectin and leptin levels, which serum levels are analyzed, were also assessed genetically. Histological analysis of mRNA in adipose tissue of the liver is shown in Fig. [4](#Fig4){ref-type="fig"}. The expression of *AP2/FABP4* mRNA was significantly lower (by 46.7%) in the HFD-YST group than in the HFD-CTL group (*p* \< 0.05). Furthermore, the expression of *C/EBP-β* mRNA was significantly higher in the HFD-CTL group and lower (*p* \< 0.05) in HFD-YST group than that in the normal group. The *UCP-2* mRNA expression was significantly higher (*p* \< 0.001) in the HFD-YST group than in the HFD-CTL and HFD-GK groups. Additionally, the HFD-YST group showed significantly higher (*p* \< 0.001) adiponectin mRNA expression and significantly lower (*p* \< 0.05) leptin mRNA expression than those in the HFD-CTL. The expression of *SREBP1c/ADD1* mRNA, which influences fat synthesis and transport, was significantly lower (*p* \< 0.05) in the HFD-YST group than in the HFD-CTL group. Fig. 4Effects of YST extract on the mRNA expression in epididymal adipose tissue. **a** *AP2/FABP4*, **b** *C/EBP-β,* **c** *UCP-2*, **d** adiponectin, **e** leptin, and **f** *SREBP1c/ADD1*. Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST. The results are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with C57bl/6 J-Nr, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-CTL

Liver histological analysis {#Sec17}
---------------------------

The effect of YST on liver lipid accumulation was analyzed by H&E and Oil Red O staining. The histopathological analysis of the liver tissue showed a significantly larger amount of microscopically identifiable lipid droplets and higher lipid accumulation in the HFD-CTL group than in the normal group (C57bl/6 J-Nr). Meanwhile, the HFD-YST group showed a notable decrease in lipid droplets (Fig. [5](#Fig5){ref-type="fig"}). Fig. 5Effect of YST extract on the histological profile of liver in mice that were fed a high-fat diet (HFD) are shown by H&E and Oil red O staining of the liver tissue sections of each group of mice. Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST

Adipocyte size {#Sec18}
--------------

The histological analysis showed larger adipocytes in epididymal adipose tissue of the HFD-CTL group (108.8 μm) than that in the C57bl/6 J-Nr group (71.5 μm). The adipocyte size in the HFD-YST group was 100.0 μm, significantly lower than that in the control group (Fig. [6](#Fig6){ref-type="fig"}). Fig. 6Effects of YST on the histological profile, including (**a**) epididymal adipose tissue morphology and (**b**) adipocyte area, of epididymal adipose tissue in mice that were fed a high-fat diet (HFD). Normal diet group: C57bl/6 J-Nr; HFD-control group: HFD-CTL; HFD plus 245 mg/kg *Garcinia cambogia* extract: HFD-GK; HFD plus 300 mg/kg YST: HFD-YST. The results are expressed as mean ± SEM (*n* = 6). +*p* \< 0.05, ++*p* \< 0.01, and +++*p* \< 0.001 compared with C57bl/6 J-Nr, and \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with HFD-CTL

Discussion {#Sec19}
==========

Obesity causes many complications such as metabolic syndrome, type 2 diabetes mellitus, dyslipidemia, cardiovascular diseases, and stroke. These obesity-related diseases are the primary cause of death worldwide \[[@CR22], [@CR23]\], leading to the development of various treatments for obesity to prevent its complications. Conventional drugs for obesity have limitations, as they result in various side effects and can only be used by candidates with a BMI over 30 kg/m^2^ or of 27--29.9 kg/m^2^ with comorbidities who are unable to achieve weight loss goals with therapeutic life style changes. Therefore, herbal prescriptions with relatively few side effects that offer the advantage of being useful for various indications have recently been re-investigated \[[@CR24]\].

YST was developed to treat those who are overweight or obese, have a strong appetite, prefer cold water, have more bowel movements, sweat more, and dislike heat under normal conditions. In addition, this prescription has been widely used clinically for treating metabolic syndrome and type 2 diabetes mellitus \[[@CR9]\]. Despite its clinical usefulness in treating obesity and metabolic syndrome, there is still a lack of scientific evidence regarding its efficacy.

An HFD can be used to induce fatty liver and to increase body weight, visceral adipose tissue, and triglyceride and total cholesterol levels in the serum \[[@CR25]\]. An HFD-induced obese mouse model is a critical tool for understanding the interplay of an HFD and the development of obesity \[[@CR26]\]. In this study, we evaluated the anti-obesity effects of YST in HFD-induced obese mice. As a result, treatment with YST resulted in anti-obesity effects such as weight loss, decreased FER, suppressed serum lipid and glucose levels, and changes in the expression of lipid metabolism-related genes. Furthermore, YST also improved the histological profiles of the liver and epididymis fat tissues.

Absolute body weight reduction is a key goal in treating obesity, as research has shown that weight loss in overweight or obese adults is associated with a reduction in the mortality rate \[[@CR21], [@CR27]\]. In this study, YST treatment was associated with a significant reduction in absolute body weight, food intake, and FER (Table [2](#Tab2){ref-type="table"}, Fig. [1](#Fig1){ref-type="fig"}a, b). It has been reported that two major components of YST, *Rehmannia glutinosa* (Gaertner) and *Lonicera japonica* Thunberg, inhibit appetite by reducing levels of plasma ghrelin and inducing peptide YY (PYY) secretion \[[@CR19]\]. Moreover, gypsum, one of the main components of YST, was reported to decrease appetite by changing the rate of passage of ruminal contents through the gastrointestinal tract via the mechanism of anion-cation imbalance in an in vitro model \[[@CR14]\]. Therefore, the decrease in food intake can be interpreted as a decline in appetite. In addition, the reduction in FER implies that YST either suppresses the absorption of food within the gastrointestinal tract or induces greater metabolic energy expenditure. YST in this study up-regulated the expression of *UCP-2* mRNA, which is translated into mitochondrial uncoupling protein 2, in epididymal white adipose tissues (Fig. [4](#Fig4){ref-type="fig"}c). Mitochondrial uncoupling protein 2 increases energy consumption by generating heat instead of ATP in mitochondria via the interruption of oxidative phosphorylation \[[@CR28]\]. This is assumed to be one reason for the decrease in FER in the YST group, namely an increase in metabolic energy expenditure through the generation of heat via the up-regulation of *UCP-2* mRNA translation. Thus, inhibition of appetite and a decrease in FER led to a reduction in total weight, and this is the mechanism for the anti-obesity effect of YST.

Lipogenesis, the process by which acetyl-CoA is converted to triglycerides for storage in fat tissues, synthesizes both free fatty acids and triglycerides \[[@CR29]\]. The extra free fatty acids and triglycerides go into the liver and are stored as fat tissues \[[@CR30]\]. Triglycerides also circulate in the blood, wrapped in a hydrophobic lipoprotein with cholesterol ester. High levels of HDL-cholesterol consistently show an inverse association with coronary events. However, high levels of total cholesterol and all LDL-cholesterol particles increase the risk of atherosclerotic cardiovascular diseases \[[@CR31], [@CR32]\]. Therefore, it is important to treat dyslipidemia to prevent cardiovascular disease. In our study, the levels of free fatty acids, triglycerides, total cholesterol, and LDL-cholesterol were reduced in the HFD-YST group compared with that in the positive control group. The YST group showed an improved level of HDL-cholesterol compared with that in the positive group (Table [3](#Tab3){ref-type="table"}). These results indicate that YST may be potentially useful for treating and prevent hyperlipidemia and its complications.

The occurrence of hepatic steatosis without the secondary cause of fat accumulation is called non-alcoholic fatty liver disease (NAFLD) \[[@CR33]\]. Excessive HFD feeding can lead to NAFLD, which can cause liver complications such as nonalcoholic steatohepatitis (NASH) and liver cirrhosis \[[@CR34]\]. In this study, the HFD-control group presented increased AST and ALT levels in the serum and, histologically, a higher accumulation of lipids in liver tissues than those in the normal group. These results are consistent with those of other studies \[[@CR35]\]. Adipose tissue grows by the mechanisms of hypertrophy and hyperplasia \[[@CR36]\]. The HFD-control group showed an increased number of larger cells than that in the normal group in the liver and epididymal adipose tissues. However, the HFD-YST group showed a notable decrease in the size of the adipose tissue and the numbers of lipid droplets (Figs. [5](#Fig5){ref-type="fig"} and [6](#Fig6){ref-type="fig"}). Lower levels of ALT were also observed in the HFD-YST group compared with that in the HFD-control group (Fig. [2](#Fig2){ref-type="fig"}b). These results could be interpreted as the protective effect of YST against liver damage induced by steatohepatitis.

In another regard, AST and ALT levels are widely used biochemical markers for evaluating liver damage, and creatinine levels in the serum are used to assess kidney function. Serum biochemistry results indicated no detectable adverse effects in mice at a dosage of 300 mg/kg for 6 weeks (Fig. [2](#Fig2){ref-type="fig"}a, b). This result is consistent with the findings of a previous study, which also reported that YST is safe below a dosage of 5000 mg/kg in mouse models \[[@CR37]\].

Type 2 diabetes mellitus is reported to be the result of an impairment in insulin sensitivity and relative insulin deficiency \[[@CR38], [@CR39]\]. Type 2 diabetes mellitus is closely related to high serum LDL-cholesterol, low serum HDL-cholesterol, hypertension, and obesity. These features are defined as the metabolic syndrome \[[@CR40]\]. In particular, obesity induces peripheral resistance to insulin-mediated glucose uptake. However, this problem can be reversed by weight loss, which restores blood glucose levels to normal \[[@CR41]\]. In our study, the serum glucose level was significantly improved in the HFD-YST group compared with that in the HFD-CTL group (Table [3](#Tab3){ref-type="table"}), and the weight gain in the HFD-YST group was 8.6 g less than that in the HFD-CTL group (Fig. [1](#Fig1){ref-type="fig"}a), indicating a potential protective effect of YST against glucose tolerance disorders. In other studies, YST and its two major components, *Rehmannia glutinosa* and *Lonicera japonica* Thunberg, resulted in a smaller increase in blood glucose levels and lower levels of HbA1c during long-term treatment in db/db mice \[[@CR19]\]. *Rehmannia glutinosa,* in YST was also shown to enhance both basal and glucose-stimulated insulin secretions, as well as the islet insulin content in the pancreatic islets of diabetic mice \[[@CR13]\]. These previous findings explain the mechanism by which YST lowers serum glucose levels in this experiment.

Leptin, a 16-kilodalton protein in mouse and human plasma encoded by the obese gene, is known to be closely correlated with BMI and the adipose tissue mass in both mice and humans. Linear correlation was observed between weight loss and the leptin levels in rodents and humans as reduced leptin sensitivity leads to obesity and causes a compensatory increase in plasma leptin levels. So plasma leptin level may be assumed as a marker of body fat increase \[[@CR42], [@CR43]\]. To be more specific, leptin exerts its biological effect by increasing the islet volume of the endocrine pancreas to compensate for the impaired function of beta cells in obesity. This characteristic of leptin impairs glucose tolerance and hastens the onset of diabetes in obese individuals. Pancreas-specific leptin receptor-knockout mice actually show improved glucose tolerance compared with a control group \[[@CR44]\]. In this study, the HFD-YST group also showed considerably lower serum leptin levels than HFD-CTL and HFD-GK groups (Fig. [3](#Fig3){ref-type="fig"}b) and the leptin mRNA expression pattern in the liver was consistent with the serum finding (Fig. [4](#Fig4){ref-type="fig"}e).

Adiponectin is a cytokine derived from adipocytes, and it is known to reduce free fatty acids, improve the lipid state, and regulate blood glucose \[[@CR45]\]. In particular, lower plasma concentrations of adiponectin are closely associated with insulin resistance and hyperinsulinemia, as well as increasing the risk of type 2 diabetes \[[@CR46]\]. Plasma adiponectin level actually shows paradoxical decrease in obese subjects despite of its secretion from adipose tissue \[[@CR47]\]. The serum adiponectin level was significantly increased under YST treatment compared with that in the control group (Fig. [3](#Fig3){ref-type="fig"}e). The result was consistent with the mRNA level of adiponectin (Fig. [4](#Fig4){ref-type="fig"}d). The serum glucose level was significantly improved in the HFD-YST group compared with that in the HFD-CTL group (Table [3](#Tab3){ref-type="table"}). These results suggest that YST improved glucose intolerance and showed anti-obesity effects by regulating the adipocyte-derived hormones leptin and adiponectin at the serum and mRNA levels.

Adipogenesis is regulated by the gene expression of adipocyte protein 2/fatty acid binding protein 4 (AP2/FABP4), CCAAT/enhancer-binding protein β (C/EBP-β), and sterol regulatory element binding protein 1c (SREBP1c/ADD1). When these transcription factors are activated, pre-adipose cells are differentiated into mature fat cells \[[@CR48]--[@CR50]\]. The expression profiles of AP2/FABP4 and C/EBP-β were favorable under YST treatment, suggesting that YST simultaneously suppresses adipogenesis (Fig. [4](#Fig4){ref-type="fig"}a, b, f). C/EBP-β is induced during the early stages of adipogenesis and has a decisive role in the completion of adipocyte differentiation. In a previous in vivo experiment, the expression of C/EBP-α and PPARγ alone without C/EBP-β and C/EBP-δ did not result in completion of adipogenesis \[[@CR51]\]. In this study, the YST group showed a lower expression of *C/EBP-β* mRNA (Fig. [4](#Fig4){ref-type="fig"}b). In addition, according to Shin's study, YST treatment down-regulated peroxisome proliferator-activated receptor-gamma (PPARγ) at the mRNA level in adipocytes. And this effect substantially reduced the number of lipid droplets and content of triglyceride in the adipose tissue of mice 3 T3-L1 cells \[[@CR52]\]. In our study, the HFD-YST group also showed significantly reduced adipocyte size compared with the HFD-CTL group (Fig. [6](#Fig6){ref-type="fig"}a, b).

Lipogenesis is highly regulated by sterol regulatory element binding proteins (SREBPs) \[[@CR53]\]. SREBPs are a family of transcription factors that participate in lipogenesis by controlling the expression of a range of enzymes required for endogenous cholesterol, fatty acid, and triacylglycerol synthesis. In vivo studies using transgenic and knockout mice suggest that SREBP1c/ADD1 is involved in free fatty acid synthesis and insulin-induced glucose metabolism \[[@CR49]\]. In our study, there was a lower expression of *SREBP1c/ADD1* mRNA in the YST group (Fig. [4](#Fig4){ref-type="fig"}f). These results suggest that YST affects the expression of obesity-related transcription factors in white adipose tissues. Changes in the expression of obesity-related genes are considered to be the mechanism by which YST improves free fatty acid, total cholesterol, triglyceride, and LDL-cholesterol profiles and leads to reduced fat weight and adipose tissue (Fig. [1](#Fig1){ref-type="fig"}c, d). The above results showed anti-obesity effects of YST by regulating adipogenesis and lipogenesis through the changes in the expression of obesity-related transcription factors at mRNA level.

In summary, YST, which is the combined prescription of eight herbs and one mineral, appears to exert a considerable anti-obesity effect via a number of pathways. We observed regulation of appetite and changes in the expression of obesity-related transcription factors and adipocyte-related hormones in an HFD-induced obese mouse model. Additional studies are needed to further investigate the mechanisms of the anti-obesity effect of YST in greater detail. Clinical trials in humans with obesity are anticipated.

Conclusions {#Sec20}
===========

In conclusion, YST treatment reduced the absolute body weight, organ fat weight, and FER (Food Efficiency Ratio) of HFD-induced obese mice by regulating obesity-related transcription factors and adipocyte-derived hormones. YST also ameliorated serum glucose levels and lipid profiles in the serum. These results elucidate the effects of YST and validate traditional knowledge. Thus, the use of YST is considered to be a supplementary treatment for obesity together with conventional treatments.
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